Abstract. Cardiac stem cells (CSCs) are important for improving cardiac function following myocardial infarction, with CSC migration to infarcted or ischemic myocardium important for cardiac regeneration. Strategies to improve cell migration may improve the efficiency of myocardial regeneration. Basic fibroblast growth factor (bFGF) is an essential molecule in cell migration, but the endogenous bFGF level is too low to be effective. The effect of exogenously delivered bFGF on CSC migration was observed in vitro and in vivo in the present study. The CSC migration index in response to various bFGF concentrations was demonstrated in vitro. In addition, a murine myocardial infarction model was constructed and bFGF protein expression levels and CSC aggregation following myocardial infarction were observed. To study cell migration in vivo, CM-Dil-labeled CSCs or bFGF-CSCs were injected into the peri-infarct myocardium following myocardium infarction and cell migration and maintenance in the peri-infarct/infarct area was observed 1 week later. Protein expression levels of bFGF, CXCR-4 and SDF-1 were assessed, as was myocardium capillary density. The Akt inhibitor deguelin was used to assess the role of the PI3K/Akt pathway in vitro and in vivo. The present study demonstrated that bFGF-promoted Sca-1 + CSC migration, with the highest migration rate occurring at a concentration of 45 ng/ml. The PI3K/Akt pathway inhibitor deguelin attenuated this increase. The phospho-Akt/Akt ratio was elevated significantly after 30 min of bFGF exposure. Transplantation of bFGF-treated Sca-1 + CSCs led to improved cell maintenance in the peri-infarct area and increased cell migration to the infarct area, as well as improved angiogenesis. Protein expression levels of bFGF, CXCR-4 and SDF-1 were upregulated, and this upregulation was partially attenuated by deguelin. Therefore, bFGF was demonstrated to promote Sca-1 + CSC migration both in vitro and in vivo, partially through activation of the PI3K/Akt pathway. This may provide a new method for facilitating CSC therapy for myocardium repair after myocardium injury.
Introduction
Local ischemia and hypoxia following myocardial infarction results in the loss of cardiomyocytes and tissue damage (1) . Stem cell therapy for myocardial regeneration is a promising treatment and the development of resident cardiac stem cell (CSC) therapy provides a novel option for treating myocardial infarction (2) . Sca-1 (stem cells antigen-1) is a mouse protein that is commonly used to identify CSCs and these CSCs are capable of electrical coupling with local cardiomyocytes by differentiation into functional cardiomyocytes (3, 4) . Following myocardial infarction, CSCs migrate into the peri-ischemic and ischemic areas of the heart via cytokine-induced chemotaxis and participate in myocardial regeneration by differentiating into new cardiomyocytes, endothelial cells or smooth muscle cells (5) (6) (7) .
The migratory ability of CSCs is important for successful implantation and subsequent amelioration of function during myocardial regeneration (8) . Multiple signaling pathways participate in CSC migration and recruitment. The phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling pathway has been demonstrated to be essential for stem cell functions, including cell migration, cell survival and apoptosis (9) . Stromal cell-derived factor 1 (SDF-1) is also a key factor in cardiac stem cell recruitment: By binding to a specific G protein coupled receptor on the cell membrane, C-X-C chemokine receptor type 4 (CXCR-4), SDF-1 induces chemotaxis and homing of several progenitor cells including CSCs, endothelial progenitor cells and mesenchymal stem cells (10) . Elevated SDF-1 expression in the heart following infarction is correlated with increased CSC recruitment and improved myocardial regeneration (11) . Successful migration of CSCs to the site of infarction or ischemic myocardium is important for cardiac regeneration, with poor migration of CSCs limiting the potential of cell therapy (12) . Exogenous bFGF promotes Sca-1 + cardiac stem cell migration through activation of the PI3K/Akt pathway delivery of cell migration-enhancing cytokines may overcome this limitation and improve the efficacy of stem cell therapy for myocardial regeneration (13) .
Basic fibroblast growth factor (bFGF) is an important molecule involved in heart remodeling and regeneration following myocardial infarction (14) . In the myocardial regeneration process, bFGF stimulates the proliferation and migration of fibroblasts and participates in the formation of collagen to maintain heart function following loss of cardiomyocytes (15) . bFGF may improve ventricular remodeling by regulating the relative proportions of collagen I and III (16) . bFGF also stimulates the migration and proliferation of vascular endothelial cells and smooth muscle cells, and is viewed as a multipotent angiogenic stimulus that is important for tissue regeneration (17) . Following myocardial infarction, the expression of bFGF in cardiomyocytes, vascular endothelial cells and smooth muscle cells in the ischemic and peri-ischemic area is elevated, improving cell migration, increasing the local blood supply and subsequently ameliorating cardiac function (18, 19) .
The adult human heart is recognized as a self-renewing organ as it contains its own native stem cells, CSCs (20) . These CSCs are able to renew themselves, differentiating into new cardiomyocytes, endothelial cells and smooth muscle cells to replace injured or dead cells, under the stimulation of cytokines such as vascular endothelial growth factor (VEGF), bFGF and hypoxia-inducible factors (HIF) (4, 5) . Following myocardial infarction, activated CSCs migrate from their in situ residence and gather in ischemic and peri-ischemic areas to participate in tissue regeneration (8) . Cell therapy based on CSCs provides a novel treatment for myocardial infarction and subsequent heart failure (21, 22) . There are three main subgroups of CSCs in the heart, of which the Sca-1 + group is the most numerous. It has previously been demonstrated that the number of Sca-1 + cells is ~100 fold greater than the other two subgroups. Sca-1 + CSCs display three central characteristics: Multipotency, self-renewal and clone formation ability (23) .
There is previous evidence that in a murine myocardial infarction model, intra-myocardium injection of Sca-1 + CSCs reduced infarction size, attenuated left ventricular remodeling and ameliorated cardiac function (24) . However, CSC therapy is limited by insufficient numbers of transplanted cells to replace the numerous lost cardiomyocytes (25, 26) . In order to solve this problem, it is important to induce resident CSC migration into the peri-ischemic and ischemic areas.
The present study aimed to investigate the effect of exogenously delivered bFGF on the migratory ability of CSCs in vitro and in vivo, which is important for CSC-based therapy for myocardial infarction.
Materials and methods
Ethics statement. Animal studies were approved by Soochow University Scientific and Animal Ethics Committee (approval no. 20120055) and were in compliance with Chinese national regulations on the use of experimental animals. Procedures for animal studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals (revised in 1996) by the US National Institutes of Health (Bethesda, MD, USA).
Isolation and culture of Sca-1 + CSCs. The present study used 6-week old, male C57/BL6 mice (weight, 15-20 g; n=20). All animals were purchased from the Laboratory Animal Center of Soochow University (Suzhou, China). They were maintained on standard diet and water with a 12-h light/dark cycle, room temperature and 50% humidity at the animal center of The First Affiliated Hospital of Soochow University.
CSCs were prepared following euthanasia with carbon dioxide. C57/BL6 mouse hearts were minced and digested with 0.1% collagenase B (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and 0.2% trypsin (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 3˚C for 2 h. Cells were selected using a magnetic selection system (Miltenyi Biotec, Inc., Auburn, CA, USA). The purity of isolated cells was verified by flow cytometry. Isolated CSC were cultured in Dulbecco's modified Eagle's medium/nutrient mixture F12 (DMEM/F12) (Invitrogen; Thermo Fisher Scientific, Inc.) with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 10 ng/ml leukemia inhibitory factor (LIF; PeproTech, Inc., Rocky Hill, NJ, USA), 10 ng/ml cardiotroponin (PeproTech, Inc.), 10 ng/ml epidermal growth factor (EGF; PeproTech, Inc.) and a 1% solution of penicillin and streptomycin. The medium was replaced every three days.
Cell migration assay in vitro.
A Transwell migration assay was used to measure cell migration in vitro. CSC were pre-washed with serum-free DMEM/F12 medium and 5x10 4 cells in 200 µl serum-free DMEM/F12 medium were seeded into the upper chamber of a 24 well Transwell plate (Merck KGaA). DMEM/F12 (600 µl) complete medium with different concentrations of bFGF, or bFGF plus the Akt inhibitor deguelin, was added to the lower chamber. Following incubation for 24 h, the upper surface of the membrane was scraped with a cotton swab to remove un-migrated cells. Cells migrating to the lower surface of the membrane were stained at room temperature for 20 min with 0.1% hexamethylpararosaniline. Each assay was performed in triplicate wells and repeated three times. The number of cells migrating to the lower surface of the membrane was counted in 10 random x200 fields using an inverted microscope and the mean number of cells per field was used for statistical analysis. The Migration Index was calculated as Migration cell number (treated)/Migration cell number (untreated).
Myocardial infarction construction and cell transplantation. Myocardial infarction was simulated through surgical ligation of the left anterior descending (LAD) coronary artery with a 7/0 prolene suture (Ethicon, Inc., Somerville, NJ, USA) and successful ligation was verified through observation of a color change with the naked eye from red to white in the infarct area. 30 wild-type specific pathogen free C57/BL6 mice (8-10 weeks) were randomly assigned to three groups: CSC, bFGF-treated CSC (45 ng/ml) and bFGF-treated CSC + Akt inhibitor (5.0 mg/kg oral Akt inhibitor for 3 days prior to transplantation). For cell transplantation, animals received intra-myocardium injections of 1x10 6 cell solution immediately following LAD ligation. All animals were sacrificed one week following cell transplantation. A further 6 mice underwent LAD ligation without cell transplantation. bFGF protein expression and Sca-1 + cell aggregation was measured in these mice one week following simulated myocardial infarction.
Cell migration and maintenance assessment in vivo.
Transplanted cells were labeled with the cell tracking dye CM-Dil (Invitrogen; Thermo Fisher Scientific, Inc.). Prior to cell transplantation, 5 µl CM-Dil was added to 1x10 6 cells suspended in 20 µl PBS and incubated at room temperature for 20 min. Successful labeling was confirmed by flow cytometry (BD FACSCalibur; BD Biosciences, Franklin Lakes, San Jose, CA, USA) and immunofluorescence microscopy. One week following transplantation, frozen tissue was obtained and sectioned into three continuous 2 µm sections. Cells maintained in the peri-infarct area and migrated to the infarct area were visualized as green and counted in 10 random x200 fields using immunofluorescence microscopy for 10 sections. The mean number of cells per field was obtained for statistical analysis.
Western blot analysis. The harvested cells or minced tissues were lysed in a lysis buffer (Roche Diagnostics, Basel, Switzerland) at 37˚C for 2 h. Protein concentrations were quantified using a bichoninic acid protein assay kit (Pierce; Thermo Fisher Scientific, Inc). 30 µg proteins were separated using 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane (EMD Millipore, Billerica, MA, USA). Following blocking the membrane with Tris-buffered saline + 0.1% Tween 20 (TBST) and 5% nonfat dried milk for 2 h at room temperature, the membrane was washed twice with TBST, then incubated with the primary antibody (Akt catalog no. ab 64148; 1:1,000; p-Akt catalog no. ab 38449; 1:1,000; bFGF catalog no. ab 168328; 1:1,500; CXCR-4 catalog no. ab1670; 1:1,000; SDF-1 catalog no. ab18919; 1:1,000; GAPDH catalog no. ab9485; 1:2,000; Abcam, Cambridge, UK) overnight at 4˚C. Next, the membrane was washed with TBST, then incubated with the peroxidase-conjugated secondary antibody (catalog no. A21010 1:500; Wuhan Amyjet Scientific Co., Ltd., Wuhan, China). Bands were detected using a chemiluminescence western blot detection system (Pierce; Thermo Fisher Scientific, Inc.). The protein expression and phosphorylation levels were normalized to baseline expression and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels, respectively.
Immunohistochemistry. Hearts were fixed with 10% buffered formalin solution overnight, dehydrated in graded alcohols and embedded in paraffin. The tissue was subsequently cut into 2 µm thick sections, after blocking with Tris buffered saline Tween-20 (TBST) and 5% nonfat dried milk for 2 h, tissue sections were incubated at room temperature for 2 h with antibodies against bFGF (catalog no. ab168328; 1:500; Abcam). The Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) was used to evaluate the positive expression ratio of bFGF.
Capillary density assessment. 10% Formalin-fixed and paraffin-embedded tissue sections were sliced transversally into 2 µm sections and incubated with antibodies against von Willebrand factor (vWF) at room temperature for 2 h (catalog no. ab9378; 1:3,000; Abcam). Tissue was then washed twice with TBST and incubated with peroxidase-conjugated secondary antibodies (goat anti mouse; catalog no. A996702; 1:1,000; Wuhan Amyjet Scientific Co., Ltd.). Positive vessels were stained brown. The mean number of capillaries per field in the infarct myocardium was obtained by counting in 10 randomly selected x200 fields for statistical analysis for 10 sections.
Statistical analysis. Data were expressed as the mean ± standard deviation and analyzed with SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). Multiple comparisons were performed through one-way analysis of variance tests and Scheffe's post hoc tests when data were normally distributed, and through Kruskal-Wallis tests and Dunn's post hoc tests when data were not normally distributed. P<0.05 was considered to indicate a statistically significant difference.
Results

bFGF expression increases and Sca-1
+ CSCs aggregate following myocardial infarction. The expression of bFGF was analysed 1 week after myocardial infarction simulation. Immunohistochemical analysis revealed that bFGF expression was 50.3±2.61 in the ischemic area and 11.83±1.38 in the non-ischemic area (P=0.001; Fig. 1A ). Immunofluorescence analysis demonstrated that regional ischemia following myocardial infarction resulted in increased recruitment of Sca-1 + CSCs in the ischemic area compared with the non-ischemic area (0.5±0.53 vs. 1.38±0.92, P=0.001; Fig. 1B) .
bFGF promotes Sca-1 + CSC migration in vitro in an Akt-dependent manner. A Transwell assay was used to assess the effects of bFGF on Sca-1 + CSC migration in vitro. A concentration gradient of bFGF (15, 30, 45 , 60 and 90 ng/ml) was used. The migration index of Sca-1 + CSCs increased with bFGF concentration and reached the highest level at 45 ng/ml (2.16±0.44; P=0.001 vs. 0 ng/ml; Fig. 2A ), and decreased to baseline level at 90 ng/ml (1.21±0.30; Fig. 2A ). To determine whether the PI3K/Akt pathway participates in bFGF-induced Sca-1 + CSC migration, cell samples treated with 45 ng/ml bFGF were collected at 0, 15, 30, 60, 90 and 120 min and the level of Akt activation was analysed by western blotting. The p-Akt/Akt ratio increased with time and reached the highest level at 30 min, suggesting a transient activation of p-Akt (0.34±0.02, P=0.001 vs. 0 min; Fig. 2B ). In addition, an Akt inhibitor, deguelin, was used to determine whether bFGF dependent Sca-1 + CSC migration could be attenuated. The Sca-1 + CSC migration index was revealed to be 1.14±0.06 for CSCs, 2.12±0.13 for bFGF-treated CSCs (P=0.001 vs. CSC; Fig. 2C ) and 1.45±0.06 for bFGF-treated CSCs + deguelin (P=0.004 vs. bFGF-treated CSCs; Fig. 2C ). This suggests that the PI3K/Akt pathway is involved in CSC migration.
bFGF promoted cell maintenance and migration in vivo.
Sca-1 + CSCs were labeled with CM-Dil cell tracking dye with a positive labeling rate of 99.6%, confirmed by flow cytometry and fluorescent microscopy ( Fig. 3A and B) . One week after cell transplantation, the viability of transplanted cells in the peri-infarct area and migrated cells in the infarct area were assessed via fluorescence microscopy. Sca-1 + CSCs demonstrated higher cell maintenance rates in the peri-infarct area when treated with bFGF (control CSCs, 166.4±20.45 cells/field; bFGF-treated CSCs, 222.4±47.95 cells/field; P=0.001; Fig. 3C ) and the Akt inhibitor deguelin reduced this effect (bFGF-treated CSCs + deguelin, 173.6±18.39 cells/field; P=0.001 vs. bFGF-treated CSC; Fig. 3C ). Cell number in the infarct area, reflecting the migratory ability of the transplanted cells, was also examined. Sca-1 + CSCs demonstrated improved migratory ability when treated with bFGF, with increased numbers of cells migrating into the infarct myocardium (control CSCs, 37.43±5.95 cells/field; bFGF-treated CSCs, 62.58±7.34 cells/field; P=0.001; Fig. 3D ). This effect was partially blocked by the Akt inhibitor deguelin (bFGF-treated CSC + deguelin 45.85±4.33 cells/field; P=0.001 vs. control CSCs, P=0.001 vs bFGF-treated CSCs; Fig. 3D ). This suggests that bFGF delivery promotes CSC maintenance in the peri-infarct area and cell migration to the infarct area, and these effects were blocked by an Akt inhibitor.
bFGF-treated CSC transplantation increases capillar y densit y in the infarcted myocardium. vW F immunohistochemistry was used to measure capillary density in the infarcted myocardium. The mean number of micro-vessels per field in the peri-infarct myocardium was increased in the bFGF-treated CSC group (control CSC 512.5±75.76 vessels/field; bFGF-treated CSC 689.25±51.73 vessels/field; P=0.001; Fig. 4 ). This effect was partially attenuated by the Akt inhibitor deguelin (bFGF-treated CSC + deguelin 613.5±76.44 vessels/field; Fig. 4 ) but no significant difference was observed between the bFGF-treated CSC group and the bFGF-treated CSC + deguelin group.
Upregulation of bFGF, CXCR-4 and SDF-1 is Akt dependent.
Western blot analysis was performed to evaluate protein expression of bFGF, CXCR-4 and SDF-1. An up-regulation of bFGF (1.72±0.14 fold; P=0.001; Fig. 5A ), CXCR-4 (1.94±0.1 fold; P=0.001; Fig. 5B ) and SDF-1 (1.51±0.12 fold; P=0.001; Fig. 5C ) was observed in the bFGF-treated CSC group compared with the control CSC group following cell transplantation. This upregulation of bFGF and CXCR-4 was partially attenuated by exogenous Akt inhibitor, with smaller increases in protein expression of bFGF (1.58±0.07 fold; P=0.001; Fig. 5A ), CXCR-4 (1.79±0.09 fold; P=0.001 vs. CSC and P=0.001 vs. bFGF-treated CSC; Fig. 5B ) in the bFGF-treated CSC + deguelin group compared with the control CSC group.
Discussion
The present study demonstrated that bFGF treatment promoted the migratory ability of cultured CSCs. This effect was observed in vitro and in vivo, with increased CSC migration into the infarcted myocardium observed in the bFGF-treated group. It was hypothesized that this effect may have been mediated through the PI3K/Akt pathway, with specific blocking of this pathway attenuating the effect of bFGF on CSC migration.
The present study demonstrated that expression of bFGF was elevated following myocardial infarction in both the ischemic and peri-ischemic area. Immunofluorescence staining revealed increased numbers of Sca-1 + CSCs in the peri-ischemic area, suggesting links between Sca-1 + CSC recruitment and bFGF concentration. Ischemia and hypoxia can stimulate the release of bFGF from the intracellular and extra-cellular matrices, and it binds to specific fibroblast growth factor receptors on the cell membrane (17) . bFGF is known to have potent angiogenic abilities, and is able to protect cardiomyocytes from ischemic/reperfusion injury by promoting capillary formation and increasing micro-vessel density, which ameliorates the local blood supply (27, 28) . In a rabbit myocardial infarction model, intra-myocardial injection of bFGF promoted vascular endothelium recovery and the maintenance of cardiac function (29) . The present study revealed that bFGF-treated CSC transplantation led to improved angiogenesis and increased vessel density. It was hypothesized that angiogenesis increased the efficiency of stem cell transplantation by facilitating cell survival and migration due to an increased supply of blood and oxygen. This was in accordance with the observation that there was increased stem cell maintenance in the implanted area (30) .
The migration of stem cells primarily occurs through chemotaxis. Many signaling pathways, such as PI3K/Akt and the SDF-1/CXCR-4 axis are involved in the mobilization, migration, homing, and implantation of stem cells (11) (12) (13) . Myocardial infarction is an inflammatory response resulting from ischemia and hypoxia, and is accompanied with augmented release of cytokines such as VEGF, bFGF and HIF in the local area. These are all important chemotaxis factors involved in cell migration (31) (32) (33) . Under the control of these cytokines, SDF-1 recruits bone marrow and peripheral stem cells into the ischemic and peri-ischemic area, where the concentration is greatest (34) . The present study observed the up-regulation of SDF-1 and CXCR-4 in the bFGF-treated group, coinciding with the improved migratory ability in this group. When the PI3K/Akt pathway was blocked by an inhibitor, the migration of CSCs was inhibited and the expression of SDF-1 and CXCR-4 also decreased. This suggests that the PI3K/Akt pathway may partially modulate the SDF-1/CXCR-4 axis in the process of cell migration.
To conclude, the present study demonstrated that bFGF promoted the migration of CSCs, both in vitro and in vivo. This effect was partially mediated through the PI3K/Akt pathway. Transplantation of bFGF-treated CSCs in a murine myocardial infarction model increased CSC maintenance and migration, as well as local angiogenesis. This pro-migratory effect of bFGF demonstrates that its importance to myocardial regeneration extends beyond its traditional angiogeneic ability. This understanding, if incorporated into CSC therapy, may improve its efficiency when treating myocardial infarct. The limitation of this study was that the CSCs were transplanted through myocardium injection. A more convenient method could have been intravenous injection but the best method for cell transplantation requires further study.
